Abstract An acoustic camera comprising a linear microphone array is used to image the thunder signature of triggered lightning. Measurements were taken at the International Center for Lightning Research and Testing in Camp Blanding, FL, during the summer of 2014. The array was positioned in an end-fire orientation thus enabling the peak acoustic reception pattern to be steered vertically with a frequency-dependent spatial resolution. On 14 July 2014, a lightning event with nine return strokes was successfully triggered. We present the first acoustic images of individual return strokes at high frequencies (>1 kHz) and compare the acoustically inferred profile with optical images. We find (i) a strong correlation between the return stroke peak current and the radiated acoustic pressure and (ii) an acoustic signature from an M component current pulse with an unusual fast rise time. These results show that acoustic imaging enables clear identification and quantification of thunder sources as a function of lightning channel altitude.
Introduction
Thunder is the direct consequence of the shock wave that originates from the rapid expansion of air by the hot lightning channel. The way a listener perceives thunder largely depends upon the distance from lightning, ranging from a loud crack (at close distances) to long-lasting rumbles (at far distances) [e.g., Rakov and Uman, 2007] . Over the last five decades, audible thunder research has mainly focused on three topics, namely, (i) understanding the nature of thunder generation mechanisms and sources [e.g., Latham, 1964; Holmes et al., 1971; Few, 1982; Uman, 2001] , (ii) inferring lightning energetics and their correlations with the measured acoustic output and other observables of the lightning channel [e.g., Krider et al., 1968; Depasse, 1994] , and (iii) thunder ranging, sound source mapping, and the reconstruction of the lightning channel using triangulation and correlation analyses [e.g., Few, 1970; Akiyama et al., 1985; Johnson et al., 2011; Arechiga et al., 2011; Bodhika et al., 2013] .
In addition, most of the research related to the acoustics of thunder has only focused on the low-frequency component of the thunder spectrum (a few hertz to hundreds of hertz). This is because thunder measurements are often taken at long ranges, where the high-frequency energy has significantly dissipated.
In this letter, we present the first acoustic images of individual return strokes within a triggered lightning event, showing the variation of the radiated acoustic pressure with altitude. Measurements were taken during a campaign in the summer of 2014 at the International Center for Lightning Research and Testing (ICLRT) at Camp Blanding, Florida. Lightning is triggered using the classical "rocket-and-wire" technique at which a rocket trailing a grounded copper wire is launched into the thundercloud during favorable electrical conditions, initiating a lightning discharge [e.g., Rakov and Uman, 2003] . Thunder images are made using a linear acoustic array and signal beamforming along the vertical profile of the channel at high frequencies (>1 kHz). We show that this technique enables imaging of the channel profile while simultaneously inferring the radiated acoustic pressure from different altitudes. Results from this experiment show that shock waves originating along the channel altitude have unique signatures on the beamsteered acoustic image and are easily identifiable on the spectrogram of the acoustic record. Finally, there is a strong correlation between the radiated acoustic pressure and the peak current associated with every return stroke. 
Instrumentation and Methodology
The acoustic array used for thunder measurements consists of 15 PCB (PicoCoulomB) Piezotronics integrated circuit piezoelectric electret microphones (model number 130E20). The microphones have a frequency response of 20 Hz-20 kHz and a dynamic range of >122 dB. The microphones are placed 1 m apart along an 8020 aluminum beam structure that is raised on tripods (1.2 m above the ground) and placed in an end-fire orientation directly facing the rocket launch pad used to trigger lightning.
Microphones are battery powered by a constant current signal conditioner. A decoupling capacitor is used to remove the bias and leave only the signal for further processing. The connecting cables are double shielded and terminate in an aluminum box that is tightly sealed to isolate the system from electromagnetic noise and water. The box encloses the battery, power source circuitry, data acquisition (DAQ) electronics, and a multimode Universal Serial Bus (USB) fiber extender (Black Box model IC404A) that transmits the data and commands from/to a laptop located in the shielded launch control trailer. Microphones were covered by rubber caps of thickness (~1.2 mm) to provide protection from water, wind, and excessive acoustic pressure. The caps have an approximately flat frequency attenuation response within the effective range of the microphones and provide approximately 30 dB of attenuation. The signals from the microphones were digitized at 50 kHz using a national instruments NI-DAQ card (model USB-6255) for 10 s, with 4 s of pretrigger sampling. The pretrigger time guaranteed characterization of the background noise prior to the event. The trigger signal provided by the ICLRT originates from the main current of each return stroke and is simultaneously distributed to the rest of the instrumentation deployed at the testing field. The acoustic array is 14 m long and is situated at 95 m from the launch pad used to trigger lightning. Figure 1a shows the location of the acoustic array with respect to the launch pad, and Figure 1b shows the deployed array facing it.
To acoustically image the vertical profile of the channel, we utilize the post-signal processing technique of delay and sum (DAS) beamforming [e.g., Van Veen and Buckley, 1988] . Using this technique, we use our knowledge of the spacing between the microphones and the local sound speed, to sequentially shift the signals in time so that the net response of all microphones is steered in a specific direction, which then enables directional amplification of the measured signal.
For this study, the end-fire position of the array facing the launch pad enabled steering along an annular profile, allowing imaging of the lightning channel via the assumption that it is the greatest source of acoustic energy. The spatial resolution of the beamformer is a function of the number of microphones, their distribution, and the frequency being measured. For this configuration, the spatial resolution is~20 m at 200 Hz and~2 m at 1 kHz [e.g., Lanslots et al., 2010] .
Beamforming presents a trade-off between the desired spatial resolution of the image, the frequency range of interest, the dimensions of the array, and the distance of the array from the sound source. In addition, it is assumed that the array is located in the acoustic far field. This is loosely defined as where the distance from the source is equal to about a wavelength of sound or equal to 3 times the largest dimension of the sound source, whichever is larger. In this case, the array is far enough and is considered in the far field for the frequency range of interest. Thus, all sound waves arriving at the microphones are considered planar. Moreover, we mention two factors that contribute to the received signal at the beamformer: 
Geophysical Research Letters
10.1002/2015GL064451
1. Spatial aliasing. Spatial aliasing imposes an upper frequency limit when using DAS beamforming. This occurs when a sample's wavelength is smaller than the separation between different elements, which may lead to additional observed energy at lower frequencies that does not accurately reflect the source. 2. Grating lobes. In addition to the main reception beam, frequency-dependent side and grating lobes can occur across the spectrum and contribute erroneous energy to the intended reception direction.
Observations
On 14 July 2014, a rocket was launched during thunderstorm conditions and produced triggered lightning. The event had a long initial current stage (335 ms) and nine return strokes that followed the triggering wire vaporization. Figure 2a shows a 6 s exposure photograph of the event, and Figure 2b shows the entire 10 s acoustic spectrogram measured at a single microphone. This panel shows the broadband frequencies associated with the different stages of the event (rocket launch, wire vaporization, return strokes, and reflection from the surrounding structures). Superposed on the spectrogram is the time series waveform record during the event, as measured at the array location by a single microphone (blue). Master triggers (from the return strokes current) are also marked (red). The time between the master trigger from each return stroke and its acoustic signature is approximately 274 milliseconds (ms), consistent with a sound propagation speed of 347 m/s from the launch pad to the microphone.
Figures 3a-3d show the DAS beamforming plots of the first return stroke at four different frequency bands: (a) below 100 Hz, (b) between 100 Hz and 500 Hz, (c) between 500 and 1000 Hz, and (d) above 1000 Hz. Here the horizontal axis represents time, showing the acoustic response of the first return stroke at four different frequency ranges, as indicated. The vertical axis shows the elevation angle viewed from the array along the lightning channel (left axis) and the corresponding channel altitude (right axis), both as a function of the radiated acoustic pressure. The altitude here was calculated assuming the channel has a perfect vertical profile. The elevation angle range varies from 0 (along the aluminum beam of the array) and extends to 89°(90°would represent an infinite channel height). For each increment of the elevation angle, the signal received at each microphone was delayed accordingly so that the maximum pattern is steered around that specific angle to measure the corresponding pressure. The attenuation of sound in air is frequency and range dependent. It also is directly affected by the ambient atmospheric conditions. Range-based attenuation was accounted for by assuming cylindrical spreading of the source (as a conservative estimate) and frequency-dependent attenuation based on temperature and humidity, as described by Blackstock [2000] . Values of measured return strokes' pressure at the array and those corrected to the vicinity of the channel are listed in Table 1 .
Here the pressure values, presented as loudness in dB, are calculated from the averaged DAS pressure signal received by the beamformer aperture. We emphasize that the dB representation is meaningless without considering the distance from the source at which the signal is measured. Error estimates are based on the largest source of error, which comes from the attenuation caps of the microphones. 
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The attenuation factor ranged from approximately 50 to 100, leading to an uncertainty of ±3 dB based on measurement considerations.
As indicated earlier, the spatial resolution of the array response at low frequencies is coarse, and all that can be distinguished in Figure 3a is the arrival time of the shock wave at~4.275 s. However, as the frequency increases, the spatial resolution improves and more details start to emerge, with the clearest image shown in Figure 3d . The main feature here is the "wing" that originates at the time of arrival of the shock wave and continues with time and increasing altitude. The superposed dashed line in this panel (black) is the calculated time of arrival of sound waves originating at different altitudes from an ideal vertical lightning channel located at 95 m away. Figure 3e shows the power spectral density (PSD) of this return stroke measured at maximum response elevation angle.
This unique wing feature (Figure 3d ) is found to be associated with all the nine return strokes during this event, as indicated in the supporting information Figure S1 . In addition, the wire vaporization prior to the current initiation stage (not shown) also shows a similar signature. In fact, this wing feature is observed in the acoustic record whenever there is a sound source originating along the vertical profile of the channel. The shape of this wing feature measured at the array is expected; since the lower part of the channel is the closest to the array, the signal arrives first in time, followed by signals coming from higher altitudes (at farther distances). The enhanced structures above the wing (that show up as additional bands) are real and originate from the individual responses of each microphone to the incoming shock wave as it arrives at each of them. The horizontal feature at~50°(most clear in Figure 3c ) is a static source, likely from an onsite generator far away from the array. Table 1 lists the properties of all return strokes. Figure 2 shows that acoustic measurements close to the lightning channel provide details of individual return strokes and a high signal-to-noise ratio. Results from Figures 3 and S1 show that using microphone array beamforming at high frequencies enables imaging of the acoustic sources along the vertical length of the channel. Above 1 kHz, a wing feature indicates a direct measurement of the sound waves originating from different altitudes of the discharge channel. At lower elevation angles, the distance between the channel and the array is closest and thus the signal arrives first, followed by signals from higher altitudes. The propagation time is a function of the elevation angle cosine, as shown in Figure 3d (dashed line).
Discussion and Conclusions
Although the acoustic measurements do not go vertically beyond 1 km, they conclusively show the sound pressure levels originating from different altitudes. In natural lightning, the channel is made of a string of tortuous segments (tens of meters long), each of which can be assumed as a point sound source that generates a shock wave. This technique enables measuring the radiated acoustic output created by these different segments. The amount of energy that goes into each segment can then be estimated. We note that the random formations of tortuous sections are likely linked to the leader stepping and the breakdown of air early in the lightning process [e.g., Dwyer et al., 2005] ; it is thus important to be able to infer the initial energy input that goes into creating these segments.
Lightning occurs as a sequence of multistage processes. The acoustic wave is the decay of the strong shock wave that forms early when the channel expands thermodynamically at very high temperature and pressure. This process ceases in very short time (tens of microseconds). The wave weakens quickly as it expands away from the channel (few meters) and eventually decays into an acoustic wave. An ideal triggered lightning event would start by an initial continuing current (ICC), which can last hundreds of milliseconds and might be associated with superposed current pulses. Once the ICC ceases, the return stroke sequence takes place, each potentially giving rise to continuing currents that often have superposed pulses known as M components. The conditions required for each of these processes to create an acoustic signature are not fully understood.
As indicated in Table 1 , several return strokes in the event analyzed in this paper were associated with large (>1 kA) M components that varied in amplitude and rise time. Interestingly, the only nonreturn stroke that created an acoustic signature was the M component pulse associated with the first return stroke. The signature is clear in Figure 3d , right after the first return stroke. Here the acoustic signature was determined to originate from an M component after correlating the arrival times of the loudest sources within this return stroke with the measured electric current signal during this period. This electric current pulse was a fast-rising (27 μs) and large-amplitude M component (2.9 kA) that occurred very late in the continuing current (CC) stage associated with this return stroke, where the CC dropped to only 25 A, indicating that the channel was still open for current flow. It is likely that less input energy was needed in this case to create the progenitor shock wave and more of this input energy was transferred to the acoustic regime. The unusual fast rise time of this M component current pulse is the most likely reason that it created a shock wave. This triggered event was not associated with any ICCs; however, since the mechanism of producing 
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a shock wave is the same, we expect that under certain conditions of fast rise time and large peak current, an ICC pulse would also create a shock wave. From this interpretation, a threshold that dictates a shock formation can thus be inferred. This threshold would be a function of the current rise time, continuing flowing current, and the peak amplitude of the pulse and is not necessarily only related to the energy input per se. Such a relation can be determined statistically by studying a set of events that we have already measured, but this is beyond the scope of this paper and is a topic for a follow-up study. Table 1 shows that the measured acoustic pressure correlates well with the peak current of the return strokes (correlation coefficient of 0.8). This is expected since larger current would deliver higher-energy input during the air expansion process and thus to the shock wave formation. The PSD curve in Figure 3e appears to peak at low frequencies and is thus beyond the dynamic range of the microphones. PSDs of other return strokes within this event are similar (not shown), and all indicate that most of the power is concentrated in the low-frequency range, in agreement with the literature on this topic [e.g., Depasse, 1994] .
Tracing back the received signals from different channel altitudes, we can now reconstruct the acoustic profile of the channel and simultaneously examine the radiated pressure in its vicinity. We need to account for the sound propagation effects from the channel to the array aperture. These include distance and atmospheric effects. Assuming an ideal vertical channel, we incorporate these effects by accounting for the local humidity and temperature [Blackstock, 2000] . The assumption of an ideal vertical channel is valid, since the inferred profile would appear tilted if the lightning channel is not vertical. Figure 4a shows the time-shifted and propagation-corrected profile of the first return stroke (number 1 in Table 1 ) along with a 6 s exposure picture of the triggered lightning event. Here the optical camera central field of view was~50°away from the array launch pad line, and thus, perspective viewing would show different tilts between the optical and the acoustically inferred profiles. This perspective viewing was accounted for using proper projections, and the "apparent tilt" in the same plane is inferred. Figure 4b shows a similar analysis for a return stroke in a different event that occurred on the same day but for a different event profile. As shown, the channel in Figure 4a is more tilted than that in Figure 4b . At the center of the acoustic array, the apparent optical tilt for the event in Figure 4a is~10°and the inferred acoustic image tilt is~5°, while for the event in Figure 4b , the apparent optical tilt is~3.8°while that inferred from the acoustic image is~1.7°. 
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Figure 4 further highlights the power of acoustic beamforming in understanding the origins of thunder associated with the discharge channel. Clearly, the acoustic image captured the tilt profile of the event in a 2-D plane as well as the radiated pressure as a function of altitude. By providing more elements and a larger 2-D array, the beamformer can be configured for precise targeting of different possible acoustic sources of the channel. For instance, it would enable us to image acoustic signatures of channel branching, nonreturn stroke current pulses, as well as study the energetics of tortuous sections that form the lightning channel, which are associated with natural lightning and not with triggered lightning, especially at low altitudes.
In this letter, we presented the first acoustic images from individual return strokes and from an M component pulse within a lightning event using a linear array of microphones that constituted a beamforming acoustic imager. Results show that such imaging of the lightning discharge channel at close distances is possible at high frequencies and as a function of altitude (up to~650 m in our case). This provides a new tool to study the acoustic radiated pressure form different portions of a lightning channel. Of specific interest would be acoustic signatures of branches, current pulses (particularly those associated with different charge distribution vertical profiles), and comparison of the radiated sound from different tortuous parts of the same discharge channel. for providing the electric current information. The work was performed as part of SwRI's Internal Research Program. Acoustic data associated with the analyzed event are available by contacting M.A. Dayeh (maldayeh@swri. edu). We acknowledge the Darpa NIMBUS program under whose auspices ICLRT's last 5 years research has been made possible.
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